Previous studies of neutrophil nitroblue tetrazolium dye reduction in response to endotoxin and rosetting of IgG-coated erythryocytes have suggested functional heterogeneity of peripheral blood neutrophils. In the following study we utilized flow microfluorometry and the membrane potential-sensitive fluorescent dye 3-3¢-dipentyloxacarbocyanine to assess the heterogeneity of neutrophils upon activation by a variety of stimuli. Unstimulated neutrophils from normal subjects exhibited a unimodal distribution of fluorescence, suggesting that all the cells possessed the same resting membrane potential. As neutrophils aged (>5 h), some cells lost fluorescence producing a bimodal distribution. In studies with fresh cells, the secretagogue phorbol myristate acetate (20 ng/ml) stimulated a uniform loss of fluorescence (apparent depolarization). The chemoattractant N-formyl-methionyl-leucyl-phenylalanine (fMet-Leu-Phe) (0.1 µM) caused the neutrophils to assume and maintain (for > 30 min) a bimodal fluorescence distribution in which 65±5% of the neutrophils first decreased and then increased fluorescence (apparent depolarization/partial repolarization), and 35±5% of the cells exhibited either an increase in fluorescence (apparent hyperpolarization) or no change. Treatment of neutrophils with cytochalasin B before stimulation caused the cells to respond homogeneously to f-Met-Leu-Phe. Additional studies using neutrophils from patients with chronic granulomatous disease, which exhibit abnormal membrane potential responses, indicated that this defect affected all such neutrophils uniformly. These observations demonstrate the need to investigate the physiological significance of the heterogeneity of neutrophil function and indicate that […] 
A B S T R A C T Previous studies of neutrophil nitroblue tetrazolium dye reduction in response to endotoxin and rosetting of IgG-coated erythryocytes have suggested functional heterogeneity of peripheral blood neutrophils. In the following study we utilized flow microfluorometry and the membrane potentialsensitive fluorescent dye 3-3'-dipentyloxacarbocyanine to assess the heterogeneity ofneutrophils upon activation by a variety of stimuli. Unstimulated neutrophils from normal subjects exhibited a unimodal distribution of fluorescence, suggesting that all the cells possessed the same resting membrane potential. As neutrophils aged (>5 h), some cells lost fluorescence producing a bimodal distribution. In studies with fresh cells, the secretagogue phorbol myristate acetate (20 ng/ml) stimulated a uniform loss of fluorescence (apparent depolarization). The chemoattractant N-formylmethionyl-leucyl-phenylalanine (f-Met-Leu-Phe) (0.1 ,uM) caused the neutrophils to assume and maintain (for >30 min) a bimodal fluorescence distribution in which 65±5% of the neutrophils first decreased and then increased fluorescence (apparent depolarization/ partial repolarization), and 35±5% of the cells exhibited either an increase in fluorescence (apparent hyperpolarization) or no change. Treatment of neutrophils with cytochalasin B before stimulation caused the cells to respond homogeneously to f-Met-Leu-Phe. Additional studies using neutrophils from patients with chronic granulomatous disease, which exhibit abnormal membrane potential responses, indicated that this defect affected all such neutrophils uniformly. These observations demonstrate the need to investigate the physiological significance of the heterogeneity of neutrophil function and indicate that the f-Met-LeuPhe-induced changes in membrane potential observed INTRODUCTION Polymorphonuclear leukocytes (neutrophils)l obtained from peripheral blood exhibit a variety of functional responses to activating agents. These include adherence to surfaces, cell aggregation, chemotaxis, secretion of granule contents, phagocytosis, and generation of reactive molecules such as superoxide anion (O2) and peroxide (1, 2) . Previous work from this laboratory and others has indicated that there is heterogeneity of human neutrophils. Klempner and Gallin (3) reported that 20% ofneutrophils had poor adherence and chemotaxis and that this subpopulation had decreased Fc receptor expression as detected by the failure to form rosettes with opsonized erythrocytes. Broxmeyer et al. (4) have suggested that neutrophils with readily expressed Fc receptors may be important in the regulation ofmyelopoiesis. Furthermore, in response to endotoxin, a significant number of cells do not reduce nitroblue tetrazolium (NBT), a property associated with production of 0. In contrast, all cells reduce NBT when treated with the secretagogue phorbol myristate acetate (PMA) (5) . These observations all support the thesis that human neutrophils are heterogeneous.
In this report, we describe another aspect of human neutrophil heterogeneity. We utilized flow microfluorometry (FMF) and a fluorescent probe, 3-3'-dipentyloxacarbocyanine [di-O-C,(3)] (6).The intensity of fluorescence of this dye reflects the cell membrane potential and, unlike a related probe (3- (6) (7) (8) (9) . We report here that the apparent membrane potential responses of individual neutrophils to PMA is homogeneous while that to N-formyl-methionylleucyl-phenylalanine (f-Met-Leu-Phe) is heterogeneous. Such heterogeneity must be considered when evaluating data from experiments with bulk cell populations.
METHODS
Assays were carried out in phosphate-buffered Hanks' solution as described previously (10) (11) (12) Additional reagents included Hypaque, Ficoll, and T250 dextran (Pharmacia, Uppsala, Sweden). Dr. Alan Waggoner, Amherst College, Amherst, Mass., kindly provided di-O-C5(3), which was dissolved in ethanol to prepare stock solutions from which at least 1,000-fold dilutions were made.
Leukocyte isolation. Peripheral blood neutrophils from normal human subjects were prepared by Ficoll-Hypaque gradient centrifugation followed by dextran sedimentation (13) . This technique routinely resulted in cell populations containing >95% neutrophils. All experiments were completed within 5 h of obtaining the cells (2 h after purification).
Flow microfluorometric assay of individual cell membrane potential. FMF was performed with a FACS II (Becton, Dickinson & Co., Rutherford, N. J.) using an argon ion laser, emitting 200 mW at 488 nm. Narrow angle forward light scatter was used for live/dead discrimination and as a measure of cell size. The data were analyzed by a PDP 11/34 (Digital Equipment Corp., Marlboro, Mass.). Before assay the neutrophils were kept on ice in the absence of Ca+2 and Mg+2. These conditions reduce neutrophil self-aggregation as well as the spontaneous secretion of granule contents and generation of 02. 15 min before assay neutrophils were suspended at 106/ml with stirring at 37°C in phosphate-buffered Hanks' solution containing physiologic amounts of NaCl (129 mM), KCI (4.2 mM), Ca+2 (1.6 mM), Mg+2 (0.3 mM), glucose (5 mM), phosphate (1.5 mM), and sulfate (0.4 mM) to allow the cells to reach thermal and ionic equilibrium. The fluorescent probe di-O-C5(3) was then added (10 nM) and the neutrophils allowed to equilibrate, which required -5 min. Three activating agents were used: the secretagogue PMA (20 ng/ml), the chemoattractant f-Met-Leu-Phe (0.1 ,uM), and f-Met-Leu- (Fig. 1B) . Cells from each peak of fluorescence for these two subjects were collected and both contained >95% mature neutrophils. Because previous studies using neutrophils in cell suspension indicated that "aging" of neutrophils after purification caused an apparent membrane depolarization (10, 12) , similar studies were conducted using FMF to determine if the heterogeneity noted in these two cell preparations could be induced from an initial unimodal preparation by letting the cells incubate in vitro. Normal neutrophils with an initial unimodal distribution were incubated at 37°C in the presence of Ca+2 and Mg+2 and assayed periodically beginning at 3 h. The results are shown in Fig. 2 . Cells assayed immediately after a 3-h purification or after a 1.5-h incubation at 37°C (4.5-h point, Fig. 2 ) displayed a unimodal fluorescence distri- 3A) which persisted for >30 min. A similar homogeneous response was obtained using a second secretagogue, the calcium ionophore A23187 (0.5 ,uM; results not shown). In contrast to the uniform response to PMA, exposure to the chemoattractant f-Met-Leu-Phe (0.1 ,uM) induced the appearance oftwo peaks offluorescent cells (Fig. 3B) . Approximately 35% of cells exhibited no change or a small increase in fluorescence (apparent hyperpolarization) relative to the initial resting fluorescence level (channel number 680). The remainder of neutrophils (65%) exhibited a large decrease in fluorescence followed by a more gradual increase (apparent depolarization followed by a slow partial repolarization). A conclusive demonstration that these two different responses seen with FMF represent actual changes in membrane potential awaits their detailed ionic characterization. Therefore we refer to the responses as "apparent" changes in membrane potential. 10 min after stimulation the bimodal fluorescence distribution stabilized with peaks at channels 400 and 800 (Fig. 3B, 10 min) . In fact, these neutrophil populations remained distinct for up to 30 min. As demonstrated in Table I , in which the results from eight different donors are shown, the percentage of cells in each population of neutrophils varied from donor to donor, but the difference between the number of responding and nonresponding cells was significant.
It is evident from Table I that the ratio of the number of cells responding to f-Met-Leu-Phe with an apparent hyperpolarization to the number of cells responding with an apparent depolarization is variable from experiment to experiment. To determine whether this variability was a consequence of day-to-day variability (due to handling of cells and purification differences) or possibly related to person-to-person variability, we obtained data using one donor (B.S.) on 5 d and performed an analysis of variance using the com- ponents-of-variance Model II (14) . In this model the total variance of an individual observation is expressed as a sum of its component variabilities, in this case dayto-day variability (cr2D) and person-to-person variability (c2p). It was found that the variability from person to person expressed as the standard deviation (6p = 15.0) was greater than day-to-day variability (aD = 11.0). This suggests that person-to-person differences in response ratios exist and are being detected.
The two populations of neutrophils evident after f-Met-Leu-Phe stimulation were sorted and collected 10 min after stimulation and both contained >93% mature, viable neutrophils. Immature neutrophils were not distributed preferentially between the two groups of cells. Thus the appearance of two cell populations could not be attributed to different responses from contaminating cells. In addition, the light scatter distribution of neutrophils from both populations was identical.
In studies designed to relate the heterogeneous was added to cells 7 min after addition of f-Met-LeuPhe, the nonresponding cells responded with a decrease in fluorescence, causing the f-Met-Leu-Pheinduced bimodal response to become unimodal. These data raise the interesting possibility that the enhanced degranulation and 0 production induced by cytochalasin B represents recruitment of responses from additional cells rather than or in addition to increasing the magnitude of the response of individual cells. Neutrophils from patients with chronic granulomatous disease (CGD). Neutrophils from patients with CGD fail to produce 02 and also fail to generate normal responses to membrane potential-sensitive probes when stimulated with PMA or f-Met-Leu-Phe (12, 15) . Studies using FMF were performed on neutrophils obtained from two patients with CGD to determine if the abnormal response represents a uniform defect of all cells or summation of heterogeneous responses (Fig. 4) . Neutrophils from both patients with CGD were uniform, with all cells producing an abnormally small response to both PMA and f-Met-Leu-Phe compared with that produced by neutrophils from the normal control. The response of neutrophils from one patient is shown in Fig. 4B . relatively high resting membrane potential (16) . As normal neutrophil age, an increasing number of cells lose fluorescence (apparent depolarization), resulting in a bimodal distribution of fluorescence (Fig. 2) . In studies using indirect molecular probes of membrane potential or bulk populations, the estimated resting membrane potential of young neutrophils has been reported previously to be about -50 mV (16) and during neutrophil aging a reduction of membrane potential to --25 mV occurs. However, as shown in the current studies, these estimations of the resting membrane potential of populations of unaged and aged neutrophils may reflect the summation of at least two populations. The results presented here indicate that neutrophils respond uniformly with decreased fluorescence (membrane potential depolarization) when activated by PMA. In contrast, neutrophils respond heterogeneously to f-Met-Leu-Phe. The majority (65%) of cells respond with a decrease followed by a partial return to the original fluorescence level. The remainder (35%) either
